We examined how a particular type of intermolecular disulfide (ds) bond is formed in the capsid of a cytoplasmically replicating nonenveloped animal virus despite the normally reducing environment inside cells. The 1 protein, a major component of the mammalian reovirus outer capsid, has been implicated in penetration of the cellular membrane barrier during cell entry. A recent crystal structure determination supports past evidence that the basal oligomer of 1 is a trimer and that 200 of these trimers surround the core in the fenestrated T‫31؍‬ outer capsid of virions. We found in this study that the predominant forms of 1 seen in gels after the nonreducing disruption of virions are ds-linked dimers. Cys679, near the carboxyl terminus of 1, was shown to form this ds bond with the Cys679 residue from another 1 subunit. The crystal structure in combination with a cryomicroscopy-derived electron density map of virions indicates that the two subunits that contribute a Cys679 residue to each ds bond must be from adjacent 1 trimers in the outer capsid, explaining the trimer-dimer paradox. Successful in vitro assembly of the outer capsid by a nonbonding mutant of 1 (Cys679 substituted by serine) confirmed the role of Cys679 and suggested that the ds bonds are not required for assembly. A correlation between 1-associated ds bond formation and cell death in experiments in which virions were purified from cells at different times postinfection indicated that the ds bonds form late in infection, after virions are exposed to more oxidizing conditions than those in healthy cells. The infectivity measurements of the virions with differing levels of ds-bonded 1 showed that these bonds are not required for infection in culture. The ds bonds in purified virions were susceptible to reduction and reformation in situ, consistent with their initial formation late in morphogenesis and suggesting that they may undergo reduction during the entry of reovirus particles into new cells.
The manner in which disulfide (ds) bonds are formed in proteins is a matter of continued interest (1, 26, 37, 52, 55) . The extracellular proteins of both prokaryotes and eukaryotes are rich in ds bonds, but intracellular proteins are not (however, see reference 37 regarding archaeal microbes). In fact, ds bonds are rarely found in intracellular proteins aside from those involved in reduction-oxidation (redox) reactions. The chemically reducing environment inside cells is the primary determinant of the rarity of stable intracellular ds bonds in proteins. As for many other cellular phenomena, studies of ds bond formation in viruses have contributed to our present understanding and have identified instructive variations and exceptions.
Intra-and intermolecular ds bonds, formed within the oxidizing environment of the endoplasmic reticulum (ER), are common in the surface proteins of enveloped animal viruses (6, 54) . The ds bonds generally contribute to the folding and stability of these proteins. An ER-localized enzyme, protein ds isomerase, is critical for forming most of these bonds. Vaccinia virus, an enveloped virus that assembles its membrane-bound particles in the reducing environment of the cytoplasm, encodes its own thiol oxidoreductases (E10R, A2.5L, and G4L), which mediate the formation of ds bonds in at least two viral membrane proteins (55, 56, 65) . Since these three enzymes are required for the morphogenesis of vaccinia virions, formation of these ds bonds is likely essential.
Although the capsid proteins of most nonenveloped animal viruses also fold within the reducing cytoplasmic environment, ds bonds have been identified in a number of them as well. Intermolecular ds bonds link subunits of the major capsid proteins of papovaviruses and are proposed to play roles in their assembly, stability, and disassembly (22, 31, 33, 53) . It is not yet clear when and how these bonds are formed, but recent evidence for simian virus 40 suggests that capsid molecules with intramolecular ds bonds are transitory intermediates in the pathway (32) . Intra-or intermolecular ds bonds have been identified in the capsids of some picornaviruses (28, 35) and parvoviruses (62) , but their roles are poorly understood. In adenovirus virions, the viral proteinase is ds linked to its 11-residue cofactor, pVIc, which may keep the two from dissociating at low concentrations (40) . In rotaviruses, which use an atypical mechanism for outer capsid assembly involving the budding of particles into the ER lumen with subsequent loss of the budded membrane, intramolecular ds bonds are found in the outer capsid proteins VP4 and VP7 (44, 48) . In VP7, these ds bonds are critical for its folding in the ER and assembly into particles and are probably formed with the aid of protein ds isomerase.
Nonfusogenic mammalian orthoreoviruses (reoviruses) form 85-nm virions (Fig. 1A ) that contain the segmented double-stranded RNA genome enclosed by two concentric icosahedral protein capsids. The inner capsid includes the machinery for RNA synthesis, and the outer capsid includes that for entry into the host cytoplasm, where reovirus replication and assembly occur (reviewed in reference 46). Outer capsid protein 1 (50 kDa, 36 copies) forms fiber-like trimers that extend from the fivefold axes of virions and bind to cellular receptors (3, 4, 10, 18, 30, 60) . Outer capsid protein 1 (76 kDa, 600 copies), which appears in virions mostly as the autolytically cleaved fragments 1N (4 kDa) and 1C (72 kDa), is thought to mediate viral penetration of the cellular membrane barrier during entry (7, 8, 19, 20, 34, 36, 45, 47) . A subvirion particle (partial disassembly intermediate) containing a protease-sensitive, lipophilic conformer of 1 appears to be involved in this activity (7) . Outer capsid protein 3 (41 kDa, 600 copies), the major surface protein of virions, interacts closely with 1 and limits its conformational lability until removed by proteolysis during entry (16, 23, 34, 43) . Outer capsid protein 2 (144 kDa, 60 copies) forms pentameric turrets that surround the fivefold axes and bridge the inner and outer capsids (16, 51, 64) . It is involved in the 5Ј capping and release of the viral mRNA molecules (11, 16, 17, 38, 51) . The viral genome, the inner capsid proteins, and 2 constitute a transcriptionally active subvirion particle called the core that is both an intermediate in virion assembly and the product of partial disassembly that accompanies entry (reviewed in reference 46) . Smith et al. (58) reported, but did not show supporting evidence, that if reovirus virions are dissociated without reducing agent, the 1C protein band is absent from a subsequent gel and an increased amount of material is seen near the proteins, which are about twice the M r of 1C. They concluded that 1C either is a ds-bonded dimer in virions or associates to form such dimers when virions are disrupted under nonreducing conditions. A later study from the same laboratory provided evidence for slowly sedimenting species of 1C and 3 in glycerol gradients, consistent with the existence of the dslinked dimers of 1C in solution (21) . We believe, however, that those slowly sedimenting species were more likely the 350-kDa 1-3 heterohexamers for which a crystal structure was recently determined (34) (Fig. 1 ). These heterohexamers are the precursors for assembly of the fenestrated Tϭ13 lattice of 1-3 that surrounds the viral core and constitutes most of the virion outer capsid (8, 16, 34, 42, 57) (Fig. 1) . No other demonstrations of ds-bonded dimers of 1/1C have appeared in the literature since these early reports. Moreover, the more recent structural evidence that a trimer is the basal oligomer of 1 (16, 34) raises questions about the presence and locations of the ds bonds. Given the reducing environment in healthy cells, the cytoplasmic assembly of reovirus virions also raises questions about when and how these bonds may form.
In the present study, we demonstrated that the ds-bonded dimers of 1 are present in reovirus virions and that each ds bond is formed by the Cys679 residues from two 1 subunits. We also showed that these bonds form late in virion morphogenesis, in dead or dying cells; that they are not required for assembly of the outer capsid, the basic stability of virions, or particle infectivity; and that they can be reversibly reduced and reformed within intact virions. The locations of the ds bonds (16) . Features attributable to outer capsid proteins 1, 2, 3, and 1 are visible and marked by arrows. The particle display was radially depth cued to enhance the recognition of symmetrical features (59) . One 1-3 heterohexamer, shown in crystallographic detail in panels B and C (34) , is enclosed in an open yellow triangle. Six subunits of 3, associated with six different 1-3 heterohexamers, surround each P3 channel, one of which is enclosed in a black hexagon. A blob of density is visible within each of these channels (red arrowhead; see Discussion for more information) (15, 16) . Four subunits of 3, associated with four different 1-3 heterohexamers, surround each P2 channel, one of which is enclosed in a black partial hexagon. Bar, 20 nm. (B and C) Top and side views, respectively, of the 1-3 heterohexamer by X-ray crystallography (34) . The heterohexamer is shown in the same orientation from the top as the one enclosed by the triangle in panel A (note the three white 3 subunits at the triangle's corners). The 3 and 1 subunits are shown in backbone and space-filling formats, respectively. The three interwound subunits of 1 within its trimer are shown in different shades of blue.
within the outer capsid, based on a fit of the crystallographic model of the 1-3 heterohexamer into a cryomicroscopyderived electron density map of virions (34) , indicates that each ds bond is formed between subunits from adjacent 1 trimers. As many as 300 of these bonds in total thus cross-link the 200 1 trimers across the particle surface. These results explain how a particular type of intermolecular ds bond is formed in the capsid of a cytoplasmically replicating nonenveloped animal virus despite the normally reducing environment inside cells.
MATERIALS AND METHODS
Cells. Spinner-adapted murine L929 cells for the production of reovirus stocks and purified virions were grown in Joklik's modified minimal essential medium (Irvine Scientific) supplemented to contain 2% fetal bovine serum and 2% bovine calf serum (HyClone Laboratories), 2 mM glutamine, 100 U of penicillin/ ml, and 100 g of streptomycin (Irvine Scientific)/ml. Spodoptera frugiperda clone 21 and Trichoplusia ni High Five insect cells (Invitrogen) were grown in TC-100 medium (Gibco BRL) supplemented to contain 10% heat-inactivated fetal bovine serum and were used, respectively, for preparing baculovirus stocks and expressing the reovirus 1 and 3 proteins from baculovirus vectors for recoating cores. S. frugiperda clone 21 cells were alternatively grown in Hink's TNM-FH insect medium (JRH Biosciences) supplemented to contain 10% fetal bovine serum (Sigma) and were used in preparing baculovirus stocks and in expressing the 1 and 3 proteins from baculovirus vectors for purifying the 1-3 complexes.
Purified virions. Unless otherwise indicated, virions of reoviruses type 1 Lang (T1L), type 2 Jones, and type 3 Dearing (T3D) were purified by the standard protocol involving freon extraction and CsCl gradient centrifugation (45) and were stored in virion storage buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 10 mM MgCl 2 ) at 4°C prior to use. Iodoacetamide at a concentration of 50 mM (IAM; Sigma) was added during the course of some purifications as indicated in the legend to Fig. 6 . Particle concentrations were determined from the A 260 (13, 58) . Infectious titers of the purified virion preparations were determined with a standard, protease-free plaque assay as described previously (18 (45, 47) . Purified infectious subvirion particles (ISVPs) of reovirus T1L were obtained as previously described (45) except that the durations of treatment were 20 min with chymotrypsin and either 5 or 30 min with trypsin.
SDS-PAGE. Several types of gel sample buffer were used in these studies. In the earliest experiments, standard reducing Laemmli buffer (62.5 mM Tris-HCl [pH 6.8], 10% glycerol, 2% sodium dodecyl sulfate (SDS), 5% ␤-mercaptoethanol [BME], 0.004% bromophenol blue) was used (29) . In subsequent experiments, based on initial findings and other considerations, several changes were introduced. To improve buffering capacity, the concentration of Tris was increased; for ease of preparation, sucrose was substituted for glycerol; to improve the resolution of protein bands in the gels, the concentrations of SDS and BME were reduced; and to aid in the gel-loading process, the concentration of bromophenol blue was increased. As a result, for all but the earliest experiments, the standard reducing sample buffer included 125 mM Tris-HCl, 10% sucrose, 1% SDS, 2% BME, and 0.01% bromophenol blue. In addition, because of the poor buffering capacity of Tris at pH 6.8 and the lower reactivity of most sulfhydryl groups at that pH, pH 8.0 sample buffer was adopted as the standard for most experiments (see Fig. 3 for supporting evidence). Dithiothreitol (DTT; 5 mM) was substituted for BME as the reducing agent in some experiments as indicated in the legends to Fig. 3B , 5, and 7. For the complementary nonreducing sample buffers, reducing agent was omitted and 50 mM IAM was added as a sulfhydrylblocking agent unless otherwise indicated (see legend to Fig. 2 ). When IAM was used, a 20-to 30-min incubation at room temperature was included before loading the samples on the gel to allow this reagent to react with free cysteine residues. Protein disruption was accomplished by incubation for 2 min in a boiling water bath unless otherwise indicated. Single-percentage and gradient polyacrylamide gel electrophoresis (PAGE) gels in full-and mini-sized formats were used as indicated in the figure legends. Visualization of protein bands by staining and fluorography was performed as previously described (45) .
Partial proteolytic analysis of protein gel bands. Purified [ 35 S]methioninecysteine-labeled virions of reovirus T3D were disrupted for 5 min at 60°C in reducing (5% BME) or nonreducing (50 mM IAM) sample buffer (pH 6.8) and subjected to SDS-PAGE (10% acrylamide). After electrophoresis, protein bands were visualized by staining with Coomassie brilliant blue R-250 for 30 min and destaining for 60 min at 4°C. The 1C band from the lanes of reduced samples and the major high-M r band from the lanes of nonreduced samples were excised from the gel. These gel pieces were separately incubated in reducing soaking buffer (pH 6.8 sample buffer with 0.1% SDS and 5% BME) for 30 min at room temperature to resolve any ds-bonded species. The gel pieces were next incubated for 30 min at room temperature in nonreducing soaking buffer (0% BME) to remove the reducing agent and loaded into wells atop a discontinuous SDS-PAGE (5 to 20% acrylamide) gradient gel. The gel pieces were overlaid with nonreducing sample buffer (0% BME, pH 6.8) that included differing amounts of N␣-p-tosyl-L-lysine chloromethyl ketone (TLCK)-treated bovine ␣-chymotrypsin (Sigma). The samples were subjected to electrophoresis until the dye front had moved halfway through the stacking gel, at which time electrophoresis was stopped for 30 min to allow chymotrypsin digestion of the stacked proteins. Electrophoresis was resumed until the dye front reached the bottom of the resolving gel, and the gel was prepared for fluorography.
Protease digestions of native virions. Purified virions of reovirus T1L or T3D at a concentration of 1 ϫ 10 12 or 2 ϫ 10 12 particles/ml were treated with 100 g of N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-treated bovine trypsin (Sigma)/ml for different times at 32°C in virion storage buffer. At each time point, a sample was removed to 4°C and adjusted to contain 300 g of soybean trypsin inhibitor/ml to terminate digestion. Samples were mixed with reducing and/or nonreducing sample buffer for analysis by SDS-PAGE. Experiments with TLCK-treated bovine ␣-chymotrypsin were performed in an identical manner except that the protease was used at 200 g/ml and inhibited at the end of each reaction by removing the sample to 4°C and adding phenylmethylsulfonyl fluoride to a concentration of 2 mM.
Analysis of excised gel bands in a second gel. Purified trypsin-generated ISVPs (30-min trypsin treatment to obtain the putative : dimer band and 5-min trypsin treatment to obtain the putative 1C: dimer band) were disrupted in nonreducing sample buffer and subjected to SDS-PAGE in the duplicate lanes of a mini-sized gel (1.5-mm thickness; 15 and 8% acrylamide for : and 1C:, respectively). The gel was stained with Coomassie brilliant blue R-250 for 5 min and destained until the bands were clearly visible at room temperature (about 5 min), after which the bands were excised. One gel slice was incubated in reducing soaking buffer (pH 8.0 sample buffer with 0.1% SDS and 1% BME), while the other was incubated in nonreducing soaking buffer (0% BME) for 30 min at room temperature. Each gel slice was then diced and carefully loaded into the dry wells of a second mini-sized gel (1.5-mm thickness; 15 and 13% acrylamide for : and 1C:, respectively). The gel slices were overlaid with reducing (1% BME) or nonreducing (50 mM IAM) sample buffer (pH 8.0). After markers were loaded into adjacent wells, the gels were subjected to electrophoresis and staining as usual.
Recombinant baculoviruses. A recombinant baculovirus for expressing the reovirus T1L 1 (from the T1L M2 gene) and 3 (from the T1L S4 gene) proteins in insect cells was described previously (17) . To make a recombinant baculovirus for expressing a mutant 1 in which a serine residue was substituted for Cys679 (C679S), the first step involved site-directed mutagenesis of the template plasmid pBKS-M2L (8) by using the QuikChange protocol (Stratagene). The complementary mutagenic primers 5Ј-CGCACTTTCCCGCGCCT AAGCCCGACTCTCCGACCAACGG-3Ј and 5Ј-CCGTTGGTCGGAGAGTC GGGCTTAGGCGCGGGAAAGTGCG-3Ј (underlining indicates changes from the wild type [wt]) were used to introduce the desired nucleotide changes. Clones containing these changes were identified by loss of the HaeI restriction site. The mutant clones were sequenced between the AgeI and HindIII restriction sites (nucleotides 1876 to 2225 of T1L M2) to confirm that only the desired nucleotide changes had been introduced in that region. The AgeI-HindIII fragment was then subcloned into the transposition plasmid pFbD-M2L-S4L (17), which was used to generate a recombinant baculovirus with the Bac-to-Bac system (Gibco BRL) as previously described (8) .
Purified 1-3 complexes. Heterohexamer complexes of the reovirus T1L 1 and 3 proteins, formed after the infection of S. frugiperda clone 21 cells with a 1-3 dual-expressing recombinant baculovirus (8), were purified as described previously (34) . 1-3 complexes containing the 1 mutant C679S were expressed and purified by using the same protocol. For IAM modification, the proteins were first reduced by incubation at 37°C for 30 min in Tris-HCl (pH 8.5) with 10 mM DTT. The DTT was removed with a PD-10 column (Amersham Pharmacia Biotech), and the buffer was replaced with 20 mM Tris-HCl (pH 8.0)-100 mM NaCl-2 mM MgCl 2 . IAM was then added to 10 mM and incubated for 30 min at room temperature in the dark. Excess IAM was removed with a PD-10 column. For storage, the protein was shock-frozen in liquid N 2 and stored at Ϫ80°C. The storage buffer for all preparations contained 20 mM Bicine-HCl (pH 9.0), 100 mM NaCl, 2 mM MgCl 2 , 10 mM DTT, and 0.02% NaN 3 .
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Electrospray ionization ion trap mass spectrometry was performed by David King at the Howard Hughes Medical Institute, University of California at Berkeley. Prior to mass spectrometry, 10-g aliquots of each protein sample were desalted by micropore reversed-phase high-performance liquid chromatography (Michrom UMA) with a Polymer Labs RP300 column and a 20 to 60% gradient of acetonitrile in 0.1% trifluoroacetic acid in water. The identity and purity of the eluted proteins were assessed directly by flow injection at 1 l/min into the electrospray ion source of a Bruker-Agilent Esquire ion trap mass spectrometer.
Recoated cores. Purified cores of reovirus T1L were obtained as previously described (8) . Cores were recoated with 1-3 complexes (with or without the C679S mutation in 1) from lysates of T. ni High Five cells by using the previously described protocol (8) . Recoated cores containing C679S-1 exhibited indistinguishable behavior on the CsCl gradients used to purify them as recoated cores containing wt 1. The concentrations of particles in the purified preparations were determined by densitometric quantitations of the band intensities from SDS-PAGE gels after using different amounts of purified T1L virions to generate a standard curve.
Molecular graphics. The arrangements of six 1 trimers around a P3 channel and four 1 trimers around a P2 channel were obtained by a three-dimensional (3D) fit of the crystallographic 1-3 model into an electron density map of the virion obtained by transmission electron cryomicroscopy (cryoEM) and 3D image reconstruction as previously described (34) . The crystallographic model of a 2 pentamer from the core (51) was also fit into the same map for depiction of the P2 channel. After fitting, the electron density map and crystallographic models of all 3 subunits were removed from both depictions. The crystal structure images in Fig. 1 and 8 were created, respectively, with RasMac version 2.7.1 and with Molscript and Raster3D (27, 41) , and the final versions of both figures were assembled in Illustrator version 8.0 (Adobe Systems).
Determination of cell viability. Trypan blue staining was used as a measure of cell viability over time courses of infection for the purification of virions. Immediately before the harvesting cells from an infected spinner culture, a 50-l aliquot of the suspension was removed and mixed with 450 l of 0.4% trypan blue solution (Sigma). The sample was dispensed onto a hemacytometer, and the cells were scored as dead/dying (stained) or living (not stained) by viewing them with an inverted phase microscope. At least 450 cells were scored from each culture.
Reversibility of ds bond formation in virions. The time course of ds bond reduction was carried out at room temperature by adding DTT (5 mM final concentration) to purified T1L virions in pH 8.0 buffer (150 mM NaCl, 50 mM Tris-HCl). The reaction was quenched at each time point by adding IAM (50 mM final concentration). The time course of ds bond reoxidation was performed by first reducing the ds bonds in purified T1L virions by exposing them to 5 mM DTT for 30 min at room temperature in the pH 8.0 buffer described above. The DTT was removed by dialysis into pH 8.0 buffer for 3 h at room temperature. Cystine (Sigma) was then added (5 mM final concentration) to promote ds bond formation. Samples were incubated at room temperature and quenched with IAM (50 mM final concentration) at each time point. For each time course, nonreducing sample buffer was added prior to disruption for electrophoresis.
RESULTS

SDS-PAGE of nonreduced 1C from virions suggests it forms ds-bonded dimers.
We disrupted the purified virions of reovirus T3D in sample buffers containing decreasing concentrations of BME as reducing agent and resolved the proteins by SDS-PAGE. At 1% BME, the standard protein profile was seen (Fig. 2, lane 1) , but at lower concentrations, a new high-M r band, migrating closely above the band, appeared (Fig. 2, lanes 4 to 6) . In parallel, the major 1C band decreased in intensity (Fig. 2, lanes 4 to 6) . The M r of the new band was about 155,000, consistent with that for a ds-bonded dimer of the 72-kDa 1C protein. After reduction with BME, protein from the excised high-M r band comigrated in a second SDS-PAGE gel with monomeric 1C (M r Ϸ 75,000) (data not shown). Essentially identical results with decreasing concentrations of BME were obtained with the purified virions of reoviruses T1L (data not shown, but see Fig. 3 ) and type 2 Jones (data not shown). This indicates that the apparent ds bonding of 1C in virions is conserved among members of the three reovirus serotypes. When DTT was used as the reducing agent, the high-M r form of 1C became evident in SDS-PAGE gels when virions were disrupted at DTT concentrations below 0.8 mM.
In the preceding experiments, some downward smearing of other viral protein bands was seen when BME or DTT was reduced in concentration or omitted. This was most notable for the 2 and 3 proteins (Fig. 2, lanes 3 to 6) . Evidence in the next section suggests this smearing reflects the formation of intramolecular ds bonds within these proteins after the disruption of virions.
Effects of a sulfhydryl-blocking agent on the appearance of ds-bonded 1C. To determine whether the ds-bonded form of 1C is present before the disruption of virions, we used the sulfhydryl-blocking agent IAM to modify free cysteine residues in 1C. T1L virions were disrupted by heating in the absence of reducing agent, and IAM (50 mM) was added before electrophoresis. IAM had no effect on the disappearance of the 1C band and appearance of the new high-M r band (Fig. 3A,  lanes 2 to 4) . In a following experiment, the addition of IAM before virion disruption also showed no effect on the disappearance of the 1C band and appearance of the new high-M r band (Fig. 3B, lanes 2 and 4) . These results provide evidence that the ds-bonded form of 1C is formed in virions before disruption (see below for further evidence). Chymotrypsin digests (12) of the excised high-M r band obtained after virion disruption in the presence of IAM again identified 1C as the predominant component of this band (Fig. 3C) . Essentially the same results with IAM were obtained with the purified virions of reovirus T3D (data not shown).
Addition of IAM decreased the smearing of other viral protein bands (e.g., that of 2 and 3) and also decreased the FIG. 2. Effects of reduced concentrations of BME on the migration of reovirus proteins during SDS-PAGE. Purified virions of reovirus T3D were mixed with pH 6.8 sample buffers containing decreasing concentrations of BME and disrupted in a boiling water bath. The viral proteins were then resolved on a full-sized SDS-PAGE (10% acrylamide) gel and visualized by Coomassie staining. Known positions of the viral proteins are indicated by name. The major new high-M r band observed at low BME concentrations is also indicated (*).
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ladder of minor bands that otherwise appeared in the upper half of the gel when nonreduced samples were analyzed (Fig.  3A, lane 1) . IAM had these effects presumably by preventing the formation of intra-and intermolecular ds bonds in these proteins following the disruption of virions. Such bonds would be expected to form under oxidizing conditions (as in SDS-PAGE gels) once free cysteines have been exposed in the absence of a sulfhydryl-blocking agent. Use of a pH 8.0 sample buffer, instead of the standard pH 6.8 buffer (40), further decreased these other effects in the gels of nonreduced samples (Fig. 3B, lane 4) , and therefore, pH 8.0 sample buffer was used in most of the later experiments. The effect of pH 8.0 probably occurs through the greater activity of IAM at this higher pH. The small amount of uncleaved, N-terminally myristoylated 1 protein that appears in virions (47) (Fig. 4C, 1 and 1C ) was also absent from its normal gel position when virions were disrupted under nonreducing conditions ( Fig. 2 and 3 ). To confirm this observation, we analyzed purified T3D virions that had been metabolically labeled with [ 3 H]myristic acid to allow the easy identification of 1 (47), as shown again in this study by SDS-PAGE after disruption in reducing sample buffer (Fig.  3D, lanes 1 and 2) . SDS-PAGE of the [ 3 H]myristate-labeled virions after disruption in nonreducing sample buffer (50 mM IAM) showed that the radiolabel was associated with a minor new high-M r band, which migrated slightly higher than the major new high-M r band identified above (Fig. 3D, lanes 3 and  4) . We conclude that the minor new high-M r band represents the ds-bonded 1:1C and/or 1:1 dimers, while the major new high-M r band represents ds-bonded 1C:1C dimers. The fragment of 1/1C in ISVPs is ds bonded, localizing the bond to 1 residue Cys679. The 3 and 1/1C proteins in reovirus virions are subject to protease cleavages during entry into host animals or cells (5, 61) . 3 is degraded into small peptides that are released from particles, but 1/1C is cleaved internally to yield two stable fragments, ␦ and , which remain particle bound (45) . The small amount of the aminoterminal, or ␦, fragment of 1C that is commonly present in purified virions (13) appeared to migrate as a monomer after nonreducing disruption (Fig. 2 and 3 ). This suggested that the ds bonding of 1/1C may instead involve the single cysteine residue in the carboxyl (C)-terminal, or , portion of this protein (45, 66) (Fig. 4C) . We treated purified T1L virions with trypsin for different times to obtain the ␦-cleavage in a progressively larger proportion of 1/1C molecules. As the (2)] then resolves the heterodimer into another monomeric ␦ fragment 1␦ and ␦ fragments were generated, they appeared in nonreducing gels at their usual monomeric positions, with the same kinetics as and in amounts similar to those in reducing gels ( Fig. 4A and B, lanes 3 to 8) . The fragment was missing from its normal monomeric position in nonreducing gels (Fig. 5B) , however, and a new fragment with an M r near 25,000, or approximately twice that of , appeared with the same kinetics as and in amounts similar to those of in reducing gels (Fig.  4A, lanes 3 to 8) . After reduction with BME, protein molecules from the excised 25,000-M r band comigrated in a second SDS-PAGE gel with monomeric (M r Ϸ 12,000) (data not shown). These results indicate that each ds bond is formed by the same residue, Cys679, from each of two 1/1C subunits.
The various fragments of 1 and the likely location of the ds-bonding cysteine residue within the region are summarized in Fig. 4C and D. Monomeric 1␦ or ␦ fragments are generated in all cases, but ds-bonded : dimers are generated only after both of the 1 or 1C monomers within each original dimer are cleaved by trypsin. When the original dimers have been cleaved in only one of the constituent 1 or 1C monomers, this model predicts other intermediate fragments (Fig. 4D ). Bands at M r s of 90,000 and 85,000, consistent with these predicted intermediates, 1: and 1C:, respectively, were indeed seen in the trypsin experiments (Fig. 4B ). After reduction with BME, protein molecules from the excised 85,000-M r band comigrated in a second SDS-PAGE gel with 1C and (data not shown). 1 mutant C679S is competent for assembly but does not form ds-bonded dimers. To confirm the role of the 1 residue Cys679 in ds bonding, we used our system for in vitro outer capsid assembly (core recoating) (8, 9) . Purified cores of reovirus T1L were recoated with wt T1L 1 and 3 proteins that had been expressed in insect cells from baculovirus vectors. Following purification on CsCl gradients and dialysis in virion buffer, the particles were examined by SDS-PAGE after disruption in either reducing or nonreducing sample buffer. The results demonstrated that wt T1L 1 indeed forms ds-bonded dimers in the recoated particles (Fig. 5A, lanes 2 and 5) . When a 1 mutant containing serine in place of cysteine at position 679 (mutant C679S) was used instead, a particle band consistent with fully recoated cores was observed on the CsCl gradients (data not shown). Analysis of these particles by SDS-PAGE after disruption under reducing conditions showed that they contained similar amounts of 1/1C and 3 as virions (Fig. 5A, lane 3) ; after nonreducing disruption (50 mM IAM), no ds-bonded forms of 1/1C were seen (Fig. 5A, lane 6) . These results provide further evidence that Cys679 mediates the intermolecular ds bonding of 1/1C and that the ds bonding is not required for assembly of the reovirus outer capsid. In addition, since the recoated cores containing C679S1 were successfully purified on CsCl (high-salt) gradients, these findings suggest that the ds bonds are not essential for the basic stability of the outer capsid.
The 1-3 complexes used in the last experiment can also be purified (34) but were found to develop ds cross-links after storage at 4°C for several days in the absence of DTT (Fig. 5B,  lane 4) . Purified complexes containing the C679S 1 mutant, and those containing wt 1 treated with IAM during purification, did not (Fig. 5B, lanes 5 and 6) . We concluded that Cys679 is exposed in the disordered tails of 1, where it can be covalently modified by IAM or participate in ds bond formation between the heterohexamers in solution during storage under oxidizing conditions and at high protein concentrations. Electrospray ionization ion trap mass spectrometry of purified complexes containing wt 1 with or without prior IAM treatment showed essentially no change in the mass of 3 (⌬ ϭ Ϫ2 Da) but an increase in the mass of 1 (⌬ ϭ 62 Da) in the IAM-treated sample (data not shown). The latter is consistent with IAM modification of a single cysteine residue per molecule of 1 (expected increase of 57 Da per site of modification). In contrast, purified complexes containing C679S 1 with or without prior IAM treatment showed essentially no change in the mass of either 3 (⌬ ϭ 1 Da) or 1 (⌬ ϭ 0 Da) (data not shown), consistent with Cys679 being the only site of IAM modification in wt 1.
The 1/1C ds bonds form late in infection and are not required for virion infectivity. The dispensability of the 1/ 1C ds bonds for outer capsid assembly in vitro suggests that the ds bonds may form late in virion morphogenesis. The cytoplasm of healthy cells is strongly reducing (37, 52, 55) , but late in reovirus infection, as cells are dying, the virus particles should be exposed to more oxidizing conditions (39, 63) . To test this idea by varying the number of dead and dying cells that contribute virions to the purified preparations, we harvested cells at 24-h intervals postinfection and purified the cell-associated virions. IAM was added at the time of harvest to block subsequent ds bond formation. The results of this experiment revealed that the later the time of harvest, the larger the fraction of 1/1C that had ds bonds (Fig. 6) . In fact, T1L virions harvested at 24 h postinfection contained very little ds-bonded 1/1C (Fig. 6, lane 1) whereas those harvested at 72 or 96 h postinfection had most of their 1/1C in the ds-bonded forms (Fig. 6, lanes 3 and 4) . We used trypan blue to distinguish live cells from dead cells among those harvested at the different times and found a strong correlation between the percent dead cells and the percent ds-bonded 1/1C in the subsequently purified virions (Fig. 6) . Similar results correlating cell death and 1/1C ds bond formation were obtained in a time course of growth and purification of T3D virions (data not shown). We concluded that ds bonding of exposed to more oxidizing conditions than are healthy cells and thus as a late step in virion morphogenesis. The virion preparations from the preceding experiment and others like it provided sets of matched particle samples that contained differing fractions of 1/1C in the ds-bonded forms and could be tested for their relative, per-particle infectivity levels. In each case, these preparations showed only minor (less than twofold) differences in relative infectivity as measured by plaque assays in L929 cells (data not shown). We concluded that the ds bonds are not required for the infectivity of virions in this assay system. Recoated cores containing either wt or C679S 1 also showed essentially the same relative infectivities (data not shown), again indicating that the ds bonds are not required for infectivity.
Reversibility of the virion-associated 1/1C ds bonds. The preceding evidence suggested to us that the ds bonds between 1/1C trimers might be reversibly reduced and reformed within intact virions. We found that the 1/1C ds bonds in virions are indeed readily reduced over time in the presence of DTT (Fig. 7A) . The virions remained intact after this treatment, as judged by their behaviors in a CsCl gradient, dialysis, and subsequent SDS-PAGE. If the newly reduced Cys679 residues were blocked with IAM before reisolation on the CsCl gradient, the particles displayed 1/1C almost exclusively as monomers on the gel (data not shown). If the newly reduced Cys679 residues were not blocked with IAM before reisolation on the gradient, however, the particles displayed 1/1C almost exclusively as dimers on the gel (data not shown), indicating that the ds bonds had efficiently reformed in the gradient and/or dialysis. To reform the ds bonds in virions in a more controlled manner, we first reduced them with DTT and then removed the DTT by dialysis and used SDS-PAGE to monitor their reformation over time. If no additional reagent was added, the ds bonds reformed very slowly, if at all (Fig. 7B,  lane 9) . If cystine (cysteine ds; 5 mM) was added to promote ds exchange, however, the bonds reformed rapidly and to near completion over a 3-h time course (Fig. 7B, lanes 1 to 8) . The (A) Recoated cores containing T1L wt 3 and either T1L wt 1 or the T1L 1 mutant C679S were generated and purified, and particle concentrations were determined by densitometry. Equal amounts of the wt (lanes 2 and 5) or C679S (lanes 3 and 6) recoated cores were mixed with reducing (R) or nonreducing (NR) sample buffer, disrupted by boiling, and resolved on a mini-sized SDS-PAGE (8% acrylamide) gel. Virions disrupted under reducing (lane 1) or nonreducing (lane 4) conditions were included for comparison. Viral proteins were visualized by Coomassie staining. (B) Purified 1-3 heterohexamers stored frozen in buffer with 10 mM DTT were thawed, and a small amount of each was diluted into nonreducing sample buffer and analyzed on a 4 to 15% acrylamide gradient native gel (Amersham Pharmacia Biotech) (lanes 1 to 3; 0 days). The remainder of each sample was passed through a PD-10 column to remove DTT and then stored at 4°C for 8 days at ambient conditions. At the end of that time, a small amount of each was diluted into sample buffer and analyzed on another 4 to 15% native gel (lanes 4 to 6). Three types of 1-3 preparations were included in this analysis: complexes containing wt T1L 1 and 3 ( lanes 1 and 4) , complexes containing wt T1L 1 and 3 that were treated with 10 mM IAM to block free cysteines before storage (lanes 2 and 5), and complexes containing T1L C679S 1 and wt T1L 3 virions remained intact after this treatment as well (data not shown). These findings indicate that the positions of the 600 1 Cys679 residues within the virion outer capsid allow them to form intermolecular ds bonds that can be reversibly broken and reforged with high efficiency and without substantially affecting the other structural features of the particle.
DISCUSSION
Where are the 1/1C ds bonds located in the reovirus outer capsid? The 33 C-terminal residues of 1 beyond Pro675 are disordered in the crystallized 1-3 heterohexamers (34) and are thus likely to be solvent exposed. The crystallographic model of the heterohexamer fits well into an 18-Å resolution density map of the reovirus virion obtained by cryoEM, indicating that only limited rearrangements in the heterohexamers must take place in building the outer capsid (34) . In the fitted model, Pro675 is on an exposed surface of 1 about one-third of the distance from the base to the top of the complex and faces into the solvent channels that are surrounded by 1 trimers in the fenestrated Tϭ13 lattice (16, 42) (Fig. 1 and 8 ). Cys679 must lie within about 15 Å (four extended peptide bonds) of Pro675, strongly suggesting that the ds bonds are formed within the channels where the C-proximal portions of the surrounding 1 subunits approach each other (Fig. 8) . This arrangement determines that the ds bonds are formed between subunits from adjacent trimers; they cannot form between subunits from the same trimer because Cys679 from each projects into a different channel (34) (Fig. 8) .
A blob of density observed in each P3 channel in cryoEM reconstructions of virions (15, 16) (Fig. 1 and 8) can be attributed to a clustering of the 33-residue C-terminal tails of the six surrounding 1 subunits (34). We previously suggested that these six C-terminal tails interact to form a small globular domain, perhaps resembling the ␤ annulus at the local sixfold positions in some plant RNA viruses (34) . A substantially higher-resolution map of reovirus virions recently obtained by cryoEM and 3D reconstruction is consistent with this suggestion (X. Zhang, S. B. Walker, M. L. Nibert, and T. S. Baker, unpublished data). The higher-resolution map also suggests that a similar small domain can be found within each P2 channel ( Fig. 1 and 8) , although formed by the C-terminal tails of only the four 1 subunits that surround each of those channels. The precise placements of the ds bonds within these channelassociated structures, and the role of the ds bonds in assembling them, remain to be determined.
Nearly all (Ͼ90%) of the 1/1C subunits in virions participate in ds bonds ( Fig. 6 and 7) . Thus, within the channels, there must be pairwise linkage of the six (P3) or four (P2) adjacent 1 arms. ds exchange between neighboring cysteine/ cystine residues is likely to guarantee that few, if any, free cysteines remain around either type of channel once ds bond formation is complete (Fig. 8) . The ds bonds thereby create a network of intertrimer cross-links that span the whole outer capsid, except for the regions of fenestration around the fivefold axes where 2 is found (Fig. 8) . This aspect of the reovirus 1-associated ds bonds is reminiscent of the interpentamer ds bonds of the papovavirus capsid proteins and could have similar consequences for assembly and disassembly (22, 31, 33, 53) . Our data argue against a required role for the ds bonds in reovirus assembly, however.
When and how are the 1/1C ds bonds formed during infection? Evidence that the 1/1C ds bonds form as a late step in virion morphogenesis, temporally correlated with cell death, suggests these bonds may not be formed until cell health is compromised, exposing the assembled virions to a more oxidizing environment. In healthy cells, a reducing environment is maintained through the generation of large amounts of NADPH and the subsequent maintenance of the reduced forms of flavin adenine dinucleotide, glutathione, and various ds reductases such as thio-and glutaredoxins (52, 55) . It is unusual for ds bonds in intracellular proteins to survive for long in this environment (1, 26, 37, 52, 55) . Oxidative stress, with resulting drops in the cellular levels of antioxidants, is associated with both apoptotic and necrotic cell death (39, 49) and would be expected to promote ds bond formation in both cellular and viral proteins. Formation of the intermolecular ds FIG. 7 . Reversibility of the virion-associated 1/1C ds bonds. For each experiment, aliquots were removed from the reaction mixture at the indicated intervals, and the reaction was quenched with 50 mM IAM. When all samples had been collected for each experiment, they were mixed with nonreducing sample buffer (NR) and disrupted by boiling. Viral proteins were resolved on mini-sized SDS-8% PAGE gels and visualized by Coomassie staining. (A) DTT at a concentration of 5 mM was added to purified T1L virions and allowed to incubate at room temperature to effect in situ reduction of the ds bonds. The 0-min aliquot (lane 1) was removed before the addition of DTT. Positions of molecular mass markers also resolved on the gel are indicated to the left. (B) The ds bonds in a sample of T1L virions were reduced by DTT as in panel A, lane 6, after which the DTT was removed by dialysis. Cystine at a concentration of 5 mM was then added to promote in situ reformation of the ds bonds. The 0-min aliquot (lane 1) was removed before the addition of cystine. A sample to which cysteine was never added was also analyzed (lane 9).
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DISULFIDE BONDING AMONG REOVIRUS 1 TRIMERS 5397 bonds in 1/1C may thus be a marker for changes in the intracellular redox potential associated with reovirus-induced cell injury or death (63) . Whether formation of the 1/1C ds bonds is inherent to virion-associated 1 or requires direct input from another viral or cellular factor remains to be determined. It is notable, however, that the reduced ds bonds reformed only slowly, if at all, at ambient in vitro redox conditions (Fig. 7B, lane 9) but very rapidly once cystine molecules capable of ds exchange were added (Fig. 7B, lanes 1 to 8) . We speculate that the conditions in dead or dying cells, with high concentrations of ds-exchanging prooxidants such as glutathione ds (39) , may promote the efficient formation of these bonds. We therefore propose that the stable ds bonds in reovirus virions form pri- FIG. 8 . Locations of the ds bonds in the 1 outer capsid structure. The crystal structure of 1 was extracted from the 1-3 heterohexamer complex and positioned as it appears on the surface of the virion (34) . Each 1 trimer [(1) 3 ] is colored blue, red, and yellow to represent the three individual 1 subunits. The large black hexagon and partial hexagon indicate the respectively marked regions in Fig. 1 except that the 3 subunits are missing and the region of the partial hexagon is rotated downward by approximately 60°relative to that in Fig. 1 . (A) Six 1 trimers are shown surrounding one of the 60 P3 channels. Surrounding channels are also labeled (P2 or P3). The C-terminal residue in the 1 crystal structure, Pro675, faces into the channels and is labeled in each of the 1 subunits. A model for 1 residues 676 to 708, which were not visualized in the crystal structure of the 1-3 heterohexamer (34), is shown within the P3 channel that is central in this image. Cys679 and its ds bonds are shown in magenta. Residues 676 to 678 and 680 to 708 are shown in blue to match the six surrounding 1 subunits from which they extend. Residues 680 to 708 are proposed to form the central blob evident in Fig. 1 and discussed in the text and reference 34. A magnified view of these modeled features is shown at the bottom, with labels for residues 675 to 708 and a ds bond. The alternative arrangement of the three ds bonds is shown at bottom right. (B) Four 1 trimers and a 2 pentamer [(2) 5 ] (light blue) are shown surrounding one of the 60 P2 solvent channels. The P1 channel, which is surrounded by the five 2 subunits and plugged by 1 in virions (not shown), is included and labeled in this view. A model formarily within such cells rather than after their release into the extracellular environment. This hypothesis may be relevant to the formation of similar ds bonds in the capsids of other nonenveloped viruses as well.
What roles might the 1/1C ds bonds play in reovirus infection and biology? Cys679 is conserved in all the reovirus isolates for which the encoding M2 gene sequence has been determined to date: not only T1L and T3D (24, 66) but also type 2 Jones (66), type 3 Abney (20) , and type 3 clone 8 (25) . Although this list comprises a limited number of strains, the conservation of Cys679 is consistent with its ds bonds granting an advantage at some step in infection. Cys679 was not conserved, however, in three recently determined homologous sequences from related viruses: two M2/B sequences from avian reoviruses (R. Duncan, personal communication) and three M6/VP4 sequences from aquareoviruses (2, 50) . This variation suggests an evolutionary or host range difference in the role of the ds bonds.
One possible, though perhaps unlikely, role for the 1/1C ds bonds is as a thiol oxidoreductase for one or more cellular or viral substrates. If this substrate were involved in redox sensing and signaling (1), then the 1/1C ds bonds could influence cell health or metabolism. Although these ds bonds do not form stably until late in infection, it is possible that they are formed more transiently (reversibly formed and broken) earlier on. Thus, they could have an effect on cells well before cell death. We have shown in two different ways (C679S mutant and time course of purification) that the ds bonds are not required for virion assembly. In fact, the locations of the ds bonds in the P2 and P3 channels make it easy to see how they can form within the fully assembled outer capsid. Neither are these bonds needed for the basic stability of virions, since virions lacking or containing very few of them can be subjected to the standard purification protocol and yet remain structurally intact and fully infectious. It remains possible, nonetheless, that the ds bonds may enhance the stability of reovirus virions under certain conditions, such as those encountered outside host animals or during entry through the gastrointestinal tracts of those hosts. A clear direction for future work is to define the roles of these bonds and the advantage(s) they may grant to mammalian reoviruses.
The possible effects of the 1/1C ds bonds on reovirus entry are interesting to consider. Given these bonds are not required for infectivity, one can imagine they may in fact impede membrane penetration by restricting the conformational freedom of 1 (7, 20) . Moreover, if 1 release from particles is an obligatory step during entry (7, 14, 20) , then reduction of the ds bonds may be necessary to resolve the capsid-wide cross-linking of the 1 trimers that the ds bonds bestow. The ease with which the ds bonds can be reduced in intact virions Fig. 7A ) suggests that the bonds may indeed be severed during the entry of infecting reovirus particles, and our preliminary evidence suggests this is the case.
